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Abstract: We have investigated the Pb-substitution effect on the superconductivity of NaCl-type In1-
xPbxTe samples obtained using high-pressure synthesis. Polycrystalline samples with x = 0–0.8 were 
obtained, and the lattice parameter systematically increased by Pb substitution. The 
superconducting transition temperature (Tc ~3 K for x = 0) increased to 5.3 K (for x = 0.4) by Pb 
substitutions. According to the comparison of the electronic states between NaCl-type InTe and 
PbTe, we consider that the Pb substitution increases electron carriers. Possible mechanisms of the 
enhancement of Tc in this system have been discussed on the basis of conventional pairing 
mechanism and the possibility of the relation to the valence-skipping state of In. 
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1. Introduction 
Metal chalcogenides have drawn great attention in the research community of 
superconductivity because of the observation of high transition temperature (Tc) and unconventional 
pairing mechanisms in those materials [1–14]. Particularly, SnTe has been extensively studied 
because it is a topological crystalline insulator [15] and shows superconductivity when the Sn site 
was substituted by In or Ag [8–14]. Although non-doped SnTe also shows superconductivity below 
0.3 K [16], hole doping effectively increases Tc to 4.8 K in the In-substituted system [8–12] and to 2.4 
K in the Ag-substituted system [13,14]. In addition, possible topological superconductivity has been 
proposed for the Sn1-xInxTe system [15,17]. Due to these findings, Sn1-xInxTe has been one of hot-topic 
materials in the superconductivity community. Recently, superconductivity in the In-rich phases of 
Sn1-xInxTe has been reported [18,19]. The solubility limit of In for the Sn site can be extended to x = 1.0 
using high-pressure synthesis [18,19]. Interestingly, the sample with x = 1.0 (pure InTe) with a NaCl-
type structure also shows superconductivity (Tc ~3 K). As shown in Fig. 1(a,b), InTe exhibits a 
pressure-induced structural transition from a TlSe-type to NaCl-type structure. Although In+ and In3+ 
occupy different sites in the TlSe structure, those In occupies single site in the NaCl structure. Namely, 
the valence state of In in NaCl-type InTe can be regarded as the valence-skipping state of In+ and In3+ 
[19]. Hence, NaCl-type InTe is a good material for investigating the friendship between valence 
skipping and superconductivity. Having considered the inducement of superconductivity in a 
valence skipping material BaBiO3 by carrier doping (or introduction of site disorder) by Pb or K 
substitutions [20,21], we can expect an increase in Tc by element substitution to InTe. As a fact, in Ref. 
18, an increase in Tc (to ~5 K) by Se substitution in InTe1-xSex was reported.  
In this study, we have investigated the effect of Pb substitution on the superconductivity of In1-
xPbxTe. PbTe (x = 1.0) has a NaCl-type structure and is a band insulator. PbTe is also a good material 
to discuss the relationship between valence skipping states and superconductivity. Although PbTe 
itself is not a valence skipping material, Tl-doped system (Pb1-xTlxTe) shows a correlation between 
valence skipping states of Tl and superconducting properties [22]. On the basis of these notable 
characteristics of InTe and PbTe, we have decided to study their solution system In1-xPbxTe. We 
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observed an increase in Tc by Pb substitution and established a dome-shaped superconductivity 
phase diagram. The possible mechanisms for the increase in Tc by Pb substitution are discussed. 
2. Results  
Powder X-ray diffraction (XRD) patterns for In1-xPbxTe are shown in Fig. 1(c). The XRD peak 
position shifts toward lower angles by Pb substitution, which indicates a lattice expansion by Pb 
substitution. The XRD patterns were refined using a cubic NaCl-type model (Fm-3m, #225, Oh5) by 
Rietveld refinement with the RIETAN-FP software [23]. Lattice parameters obtained from 
refinements are plotted in Fig. 1(d) as a function of Pb concentration x. The lattice parameter 
monotonically increases with increasing Pb concentration. 
Figure 2(a) shows the temperature dependences of magnetic susceptibility for x = 0–0.8 
measured after both ZFC (zero-field cooling) and FC (field cooling). Note that PbTe (x = 1.0) is an 
insulator and does not show a superconducting transition. For all the samples, superconducting 
(diamagnetic) signals are observed, and a large shielding volume fraction is estimated, which 
indicates the emergence of bulk superconductivity in x = 0–0.8. From the temperature dependences 
of magnetic susceptibility, a Tc was estimated as the temperature where susceptibility signal begins 
to decrease, and an irreversibility temperature (Tirr) was estimated as the temperature where the ZFC 
and FC curves are clearly separated. In bulk samples, Tirr generally corresponds to the temperature 
at which zero resistivity states appear. The estimated Tc and Tirr are plotted in Fig. 2(b) as a function 
of x. A dome-shaped phase diagram on superconductivity was obtained. The highest Tc of 5.3 K is 
obtained for x = 0.4, but those for x = 0.5–0.8 are comparable to that for x = 0.4. Notably, the difference 
between Tc and Tirr is very small for x = 0 and 0.4 – 0.8. This indicates that the evolution of 
superconductivity states is homogeneous in the examined samples.  
Figure 3(a) shows the temperature dependences of electrical resistivity for x = 0–1.0. PbTe (x = 
1.0) exhibits an insulating behavior. For x = 0.8, the insulating behavior of pure PbTe is suppressed, 
and the temperature dependence becomes almost temperature-independent. With increasing In 
concentration (with decreasing x), electrical resistivity decreases and metallic conductivity is 
induced. We notice that the temperature dependence of electrical resistivity for PbTe shows a flat 
dependence at low temperatures, which has also been reported in a previous study [24]. The zoomed 
figure for low-temperature data is displayed in Fig. 3(b). Zero-resistivity states are observed for all 
the superconducting samples. 
  To investigate the nature of electronic states, we measured room-temperature Seebeck coefficient 
for all the samples. In Fig. 4, Pb concentration (x) dependence of the Seebeck coefficient is plotted. 
Since PbTe is a band insulator, whose electronic structure is shown in Fig. 6, large negative Seebeck 
coefficient of -342 V/K is observed. By In substitution, Seebeck coefficient becomes very small and 
positive in sign even for x = 0.8. This suggests that only 20% substitution of In for the Pb site can 
generate large amount of hole carriers. This is consistent with what is expected from band structure 
shown in Fig. 6. With increasing In concentration (with decreasing x), the absolute value of Seebeck 
coefficient decreases and increases at x = 0. 
To investigate the superconducting properties of In1-xPbxTe under magnetic field, electrical 
resistivity was measured under magnetic fields. Figure 5(a) shows the temperature dependences of 
electrical resistivity for x = 0.4, in which the highest Tconset was observed in susceptibility 
measurements, under magnetic fields up to 3.0 T. To obtain an upper critical field (0Hc2) phase 
diagram, Tc was estimated as the temperature where the resistivity becomes 80% of normal state 
resistivity just above Tconset. The Hc2-temperature data were analyzed by the Werthamer-Helfand-
Hohemberg (WHH) model [25] as shown in Fig. 5(b), and the estimated 0Hc2 (T = 0 K) was 3.1 T. 
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Figure 1. (a,b) Schematic images of crystal structure of InTe: (a) ambient-pressure phase with a 
TlSe-type structure and (b) high-pressure phase with a NaCl-type structure. (c) Powder X-ray 
diffraction patterns for In1-xPbxTe. Numbers in this figure are Miller indices. (d) Pb concentration 
(x) dependence of lattice parameter of a for In1-xPbxTe. 
 
 
Figure 2. (a) Temperature dependences of magnetic susceptibility 4 for In1-xPbxTe. (b) Phase 
diagram of In1-xPbxTe with a NaCl-type structure. Tc and Tirr were determined from the magnetic 
susceptibility data. The cross symbol in the figure (x = 1.0) indicates a non-superconducting phase. 
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Figure 3. (a) Temperature dependences of electrical resistivity for In1-xPbxTe. (b) Low-temperature 
data of the temperature dependences of electrical resistivity for In1-xPbxTe.  
 
 
 
 
 
Figure 4. Pb concentration (x) dependence of Seebeck coefficient for In1-xPbxTe. The inset shows a 
zoomed plot for x = 0–0.8. 
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Figure 5. (a) Temperature dependences of electrical resistivity for x = 0.4 under magnetic fields of 0–
3 T. (b) Temperature dependence of 0Hc2 for x = 0.4 where Tc was estimated as the temperature where 
the resistivity becomes 80% of normal state resistivity just above Tconset. The dashed line is the fitting 
result by the WHH model. 
3. Discussion 
In this article, we reported that Tc of NaCl-type InTe (Tc ~ 3 K) can be increased to 5.3 K by Pb 
substitution for the In site. Here, we discuss about this increase in Tc with two possible scenarios.  
The first scenario is an explanation based on density of states. In Fig. 6, total density of states 
(DOS) taken from CompES-X, MatNavi, which provides band structure calculated with a typical 
structural parameter of the materials by first-principle calculations with the VASP program. 
Assuming conventional electron-phonon mechanism [26], an increase in DOS at Fermi energy (EF) 
basically increases Tc. Let us consider the emergence of superconductivity from the right side of the 
phase diagram (from PbTe, x = 1.0). Since PbTe is a band insulator, EF locates in a band gap. However, 
there is a very high DOS in the valence band top. The high DOS may be working positively to the 
superconductivity of In1-xPbxTe. Actually, the evolution of Seebeck coefficient in In1-xPbxTe suggests 
that large amount of hole carriers was generated for all the doped samples (x = 0-0.8) on the basis of 
the relationship between carrier concentration and Seebeck coefficient (S) in metal [27]: 
𝑆 =
8𝜋2𝑘B
2𝑚∗𝑇
3𝑒ℎ2
(
𝜋
3𝑛
)
2
3
 , 
where kB is the Boltzmann constant, m* is the effective mass of the carrier, e is the elementary charge, 
h is the Planck constant, and n is the carrier concentration. We can see that the evolution of Seebeck 
coefficient by changing Pb concentration (Fig. 4) shows the correlation with the Tc-x phase diagram. 
For x = 0, the Seebeck coefficient is slightly larger than those for x = 0.2–0.8. Actually, the EF for InTe 
locates at the left shoulder of the DOS peak. Although the first scenario looks consistent with what 
we have observed in the present system, the difference in Tc between x = 0 and x = 0.4–0.8 is large on 
the basis of small change in DOS at EF, which is expected from the results of Seebeck coefficient. 
Therefore, we may have to consider the second scenario which is based on the valence-skipping states 
of In. 
Namely, in the second scenario, we assume that the valence-skipping states of In plays an 
important role in the emergence of superconductivity. As introduced in the introduction part, it has 
been proposed that the valence-skipping states in Pb1-xTlxTe is positively linked to the 
superconductivity [22]. Although the solution concentration of Tl in Pb1-xTlxTe is very limited, our 
In1-xPbxTe system has a perfect solution from x = 0 to 1.0. Notably, InTe (x = 0) has been proposed as 
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a valence-skipping material [18]. From those facts, we consider that InTe is in the vicinity of charge-
ordered phase. In doped BaBiO3 [20,21], charge-density-wave ordering is suppressed by carrier 
doping, and high-Tc superconductivity is induced. It has been believed that the high-Tc is achieved 
by the pairing mediated by the negative-U interaction caused by the valence-skipping states of Bi  
[28]. If the pairing mechanisms of In1-xPbxTe is similar to those in the doped BaBiO3, we expect the 
presence of an ordered (possibly a charge-ordered insulating phase) for the InTe-based system. Since 
NaCl-type InTe sample can be prepared under high pressure only, strain effect and/or site disorder 
(partial substitution of In and Te to each site) may exist in the present sample with x = 0. These factors 
may suppress an ordered state, if there was such a charge ordered state. The ordered state can be 
further suppressed by Pb substitutions, which should increase Tc as observed for x = 0.4–0.8 in this 
study. For both scenarios based on conventional and valence-skipping mechanisms, we need further 
experiments to solve the mechanisms of superconductivity in the In1-xPbxTe system. 
In conclusion, we have synthesized NaCl-type In1-xPbxTe samples using high-pressure synthesis 
method. From the evolution of lattice parameter, monotonous lattice expansion was confirmed by Pb 
substitution. For x = 0 – 0.8, bulk superconductivity was observed, which was confirmed from 
magnetic susceptibility and electrical resistivity measurements. Tc was the highest for x = 0.4. From 
the resistivity measurements under magnetic fields, upper critical field 0Hc2 (T = 0 K) was estimated 
as 3.1 T. We have proposed two scenarios to explain the increase in Tc by Pb substitution: the first 
scenario is based on the conventional mechanisms (phonon-mediated BCS), and the second scenario 
is based on the valence-skipping states of In, which was optimally suppressed by Pb substitution. 
 
 
Figure 6. Calculated total density of states for NaCl-type InTe and PbTe. The output data of the 
density of states from the database CompES-X, MatNavi, https://compes-x.nims.go.jp/index.html, 
[accessed 2019-02-13]. The calculation conditions are listed below. Lattice parameters: a = 6.139 Å for 
InTe and a = 6.461 Å for PbTe. Method: Projector Augmented Wave (PAW). Program: VASP. 
 
 
4. Materials and Methods  
Polycrystalline powders of In1-xPbxTe were prepared by melting a mixture of In (99.99%), Pb 
(99.9%), and Te (99.999%) grains with a nominal composition of In1-xPbxTe. The mixture was sealed 
in an evacuated quartz tube and heated at 800 ºC for 10 h. The obtained sample was ground and 
pelletized into a pellet with a diameter of 5 mm. The pellet was placed in a high-pressure cell, which 
is composed of a BN sample capsule, a carbon heater capsule, electrodes, and a pyrophyllite cubic 
cell. The high-pressure synthesis was performed using 180 ton cubic-anvil-type system (CT factory). 
The pressure used for the high-pressure synthesis was 3 GPa, and the heating temperature was 700 
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ºC for x = 0 and 500 ºC for x = 0.2–0.8. The PbTe (x = 1.0) sample was prepared by melting in an 
evacuated quartz tube without carrying out high-pressure synthesis. 
Powder X-ray diffraction (XRD) was performed by the -2 method using MiniFlex600-D/tex-
Ultra (RIGAKU) with a CuK radiation. The crystal structure parameters were refined using the 
Rietveld method with RIETAN-FP [23]. The crystal structure image was depicted using VESTA [29]. 
The temperature dependence of magnetic susceptibility was measured using a superconducting 
quantum interference device (SQUID) magnetometer (MPMS-3, Quantum Design) with a typical 
applied field of 10 Oe after zero-field cooling (ZFC) and field cooling (FC). Electrical resistivity 
measurements were performed on cryostat (GM refrigerator) equipped with a superconducting 
magnet (designed by AXIS/Thermal Block). The temperature dependence of electrical resistivity was 
measured by a four-terminal method. Au wires with a diameter of 25 m were attached on the 
polished surface of the samples by using Ag pastes. A typical current of 1 mA was used for the 
resistivity measurements. Seebeck coefficient was obtained from the linear slope of the thermo-
electromotive force (∆V) versus the temperature difference (∆T) plots. 
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